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ABSTRACT

Calculations are made of the intrathoracic pressure expected from blast loading of sheep. A
mathematical model of the chest wall and lung parenchyma have been formulated as a system of
differential equations which include the effects of chest wall mass and resistance, density of the
parenchyma and an adiabatic equation of state for air within the parenchyma- The differential
equations are discretized as a system of nonlinear finite difference equations with the blast loading
appearing as a boundary condition. This finite system is then solved on a computer using an
implicit solution algorithm. Blast loadings used in the calculations are from field tests and
correspond to animal response ranging from no injury to severe injury. Intrathoracic pressure in
the esophagus and at four locations within the lung parenchyma, all in the approximate plane of
the seventh thoracic vertebra, are compared with field test measurements for four occupational
levels and two injury levels of blast overpressure.
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INTRODUCTION

Evidence of acute thoracic injury in animals from intense blast owerpressure exposure and
the possibility of chronic injury to crew from the blasts of conventional weapons have prompted
the need for detailed mathematical models of the thorax. The ultimate model may be a three-
dimensional representation of the thoracic cavity, however an understanding of the key physical
processes taking place in the thorax is more economically gained through simpler one-dimensional
models. Since field tests using sheep show that the thoracic organ sustaining the most injury is the
lung, a one-dimensional model of a cross section of a sheep thorax was constructed. This model
includes ribs, lung parenchyma and the esophagus.

Field tests, using small conventional explosives at six blast conditions, have been conducted
on sheep instrumented with pressure gauges in the lung and the esophagus. 1 Free field and face-
on reflected pressures were also recorded. Hence both the pressure loading on the sheep's ribs
and the resulting pressure within the thorax are known for these cases. Calculations with the one-
dimensional model using the measured loads from the field tests are compared to the measured
intrathoracic pressures.

The remainder of this paper presents the one-dimensional mathematical model of the
thorax and the numnirical method used to solve the resulting equations. Finally, comparisons of
the results of the model with field test data are made and conclusions are drawn.
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MODEL

An illustration of a cross-section of a heelp's thorax at the seventh thoracic vertebrae is
shown in Figure 1. The geometry modeled is indicated by the horizontal line, also shown in Figure
1, just below the seventh thoracic vertebrae of the animal. This line extends from the right rib
surface into the right lung lobe through the esophagus into the left lung lobe and fially to the left
rib surface.

Spinal Process of
Sixth Vertebra

Seventh
Vertebra Scapula

Esophagus Lung

" Live

Seventh •
Rib

RetiCL.,Jm

Cartilage

Sternum

Figure 1. Anatomical cross section at level of seventh thoracic vertebra
showing one-dimensional computational domain.
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The finite mo-el for this one-dimensional cross-section of the thorax is indicated in Figure
"2. The model is one of point masaes, Mi, which represent either the parenchymal tissue or
rib/muscle. The point masses are separated by finite cells of air with volume Vi. Since this is a
macroscopic model whose purpose is to predict the mechanical response of the lung. the length of
the air cells in the model is much larger than the diameter of individual alveoli. The size of the air
cells is determined heuristically to adequately resolve the pressure wave induced by the blast
loading. The right and left rib surfaces are loaded with the measured pressures, Pr(t) and P1(t),
respectively.

In a typical field test shown in Figure 3. a conventional charge of weight, W, is exploded at a
height of burst, HOB, above the ground. The test subject is located a horizontal distance. K from
the charge. In all cases the range, R. of the animal from the charge is beyond the Mach reflection
distance and the triple point of the Mach stern is above the animaL The animal is oriented so that
the Mach stem strikes orthogonally on its tight side. The blast overpressure displaces the chest
wall which in turn displaces the lung and sets up a pressure wave moving through the lung
parenchyma.

A model of the motion of the chest wall and lung is given by a system of differential
equations. The motion of each of the masses, M. is governed by the momentum equation:

8u
HL- + Cu + kx- Ap-A ()

where

8x

- t (2)

and
V 0

V-V + A(A%) (3)

Right Left
M, M2 M3 Mm.2  Mm-1 Mrn

ARLj A IR UU AIR U AIR

Figure 2. Schematic of the Lung Model
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Charge of Weight, W

Path of
X Incident Wave -- Triple

U - Point
Ground Relection --0 Oi

T a' 0-
HOB DWj -Mach Stem

H Range RA

Figure 3. Blast parameters.

In this analysis, x is displacement, t is time, u is velocity, C is the damping coefficient and k is the
spring constant. The pressure, p, in the lung is given by the adiabatic equation of state in terms of
the volume, V, by

P - p (4a)

V-V 0 + AV (4b)

AV - A(Ax) (4c)

where the superscTipt, 0, indicates initial values.

On the right and left chest wall, the pressure is prescribed by the external loads as

Pr " Pr(t) (5a)

P1 - Pl(t) (5b)

For the cases under consideration, the loading functions Pr and Pl are from measured data.1
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NUMERICAL METHOD

The system of equations, Eq. I through Eq. 5, are discretized using an implicit formulation
as

n+1 nu i - ki n+ 11 n+• r n+ lt n+ il A n.+ ;i(
a~ t +ii + Ciui " [Pi+l - i ]i(6

x1 - x - un st (7)
1. 1 i

in+1 0 A n+1 n+1 n+1 n+l(
i "V i + (i+l i - Ai J (8)

n+1 00 /n+l' (9)Pi " i[ iii (9

n+• 1 f n+1l (
x. - - i + xi (10a)1 2 j~i i

n+h I n+1 n]
Pi 1 (Pi + P i (10b)

n+4 1 n++i n] 0
i 2 u + (lOc)

From Eqs. 7 and 8, we have

n+1 n
n+ 1 x Ix

u. - 2 a u. (11)

Substituting Eqs. 7, 10, and 1I into Eq. 6, the terms uin+ 1, uin+f, xin++, and pin++ are eliminated

from the momentum equation in favor of xin+, pin+I and known values at the old time level, n, to

obtain
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a2 + k h + i. + 1 Pl -P-J

f2M C) 2M'
'- 1 .- k, + t T] in 1A. (12)[02 2 t -t U 1 2( P11 3

where we assume that Ai do not change with time. For the calculations presented here, all Ai are
the same. From Equations 8 and 9, the pressure, pin1~, is a function of only the displacements
xin+l and xi+?+l. Hence, taken over each of the cells, the finite difference momentum equation,
Eq. 12, is a system of nonlinear algebraic equations for the nodal displacements, xin+l. This
system can be written as

n+1I ntl n+1 A naixi + 2 [P1 Pi-lAi "•i (13)

where

2Mi I _i

-- + k +
ai 2 2 i at

n 2M n I n 2Mn

ti - [t2 2 ki at i + --at ui 2 il -Pi-

From Eqs. 4, the value of the pressure at each of the interior nodes, i=2 to i m- 1, is prescribed
by

n+1 " p[VO]i "V [0 + A n+1 - A xn+1l 16Pi - I i+iAxi i A ] (16)
1 iL~ Li i1i+1 i

At the rib surfaces, i = 1 and i m, the pressure is given by the boundary conditions

P n+1 _ I I (17a)

and

n+1 tn+1 (17b)

m - plI7



At each time step, the m - 2 roots,

xi; i=2 to m- I

of the system of m- 2 nonlinear algebraic equations

R (x) - a x. + 1 Ai[p1 - V1 1 - P. (18)

must be found. This system is solved by Newton iteration. Let v be iteration index and for brevity
denote the most recent value [xin+ I ]v by xiv. Furthermore, use the known values at the old time
level, n, as the initial guess to the new displacements at time n + 1, that is for v = 0

In+10 - X (18a)

Now expand R(xv+ 1) in a Taylor series about xv as

V V
aR aR' OR.

RVl v 8i _____R_

i -R + 3 6x6 + 6x + x+ 6x (19)
i i 1 X La +1 +

where

X -X +SX (20)

Setting, RIV+I = 0, in Equation 19 produces the system

LIV VaR. OR. OR
1 1 --- -- R(

axi 1 Sxi--I •-6xi + ax 6X -- R (21)

of linear algebraic equations for 8xi with coefficients

OR. I 0Pi-I

axi-I 2 i axiI

-aR +-IA ----- Iex 2 1 AO aPi ax I
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'pý8xi+ 2 Aix
xi+1 A i+1

where

1Pi Pi

P i P-I

axi+1 i Vi-I

Finally the coefficients 8R/ax are expressed in terms of most recently known values at iteration
level v as follows:

Li i i-
OR' P

xAA VV (22a)

49X2-Ii+ V - V

i-I

-. a+- 2 Aiy A - i-A (22b)

a1  1. p-( Z)-

axi+ 2 i i+11 Vi

I I Vi

axn- . i2, ae to th rt ib (

OR'

AA, (23c)
exi+1 V.

1
0i1 (23a)

Li Li

OR. Pi
-- 4- A -y- (23b)

OXi~ 2 Ai-si. Li

OR.O

i I I I I I I I I I I I I II(I3I I



For the cell, i= m - 1, next to the left rib, the coefficients become

aR. Ip.
- A i(24a)axi_ -1 2 1iA1--IVU

iiVi-

i I i-I

--ax. + _ -- (24b)ax. 2 + il-i~ %Z

i-i

aR

ax - 0 (24c)xi+I

To summarize, the solution algorithm is to initialize the Newton iteration using the old
values

(fl1 I0  n i

calculate the residual, Rv, solve the tridiagonal system of linear algebraic equations, Eq. 21, update
the displacements using Eq. 20 and finally calculate the new residual R at iteration v+ 1. The
iteration is stopped when the residual becomes less than some prescribed value, t, which is based
upon the precision of the machine. For computer systems with 64 bit floating point arithmetic,
convergence is usually obtained in three or four iterations with an , value of 10-6.

These finite difference equations, with the solution procedure outlined above, were
implemented as algorithms in the computer program, THOR, to numerically model the
mechanical response of the thorax to blast loading. In summary, THOR is a one-dimensional,
Lagrangian, compressible flow computer program which utilizes a finite treatment of the lung mass
and an adiabatic equation of state for the air within the lung.
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LABORATORY TESTS

A blast loading applied to the chest wall of an animal produces a displacement of the chest
wall which in turn sets up a compression wave in the lung. Succeeding sections of this paper will
present comparisons of calculated results of the pressure in the lung using the THOR computer
program with in-vivo measurements in sheep lung taken by Dodd 1 2 However the lung is a
complex geometry and it is impossible to see a wave propagate within it. Additionally, THOR is a
single-dimensional model, while the lung is clearly three-dimensional. Hence the adequacy of the
one-dimensional assumption of wave propagation and the applicability of the mathematical models
in THOR must be resolved before comparison of THOR calculations with the in-vivo measure-
ments can be trusted. In order to learn more about the propagation properties of these waves in a
simpler controlled environment, Yu, Ho and Stuhmiller3 constructed a surrogate thorax. This
surrogate thorax is an acrylic tube filled with shaving cream dispensed from a pressurized
container. As shown in Figure 4, one end of the tube contains a free moving acrylic block which
simulates the chest wall. A shock tube was used to apply a load to the acrylic block. Wave
propagation tests using this setup show that shaving cream is a reasonable surrogate for lung
tissue. Both parenchymal tissue and shaving cream have a density of about 0.1 g/cm3 and a wave
speed of about 30 re/sec.

Using blast loadings from laboratory tests as input, the THOR computer program was used
to calculate the motion of the acrylic block and the pressure in the shaving cream just behind the
block. The parameters used for the calculations are as follows:

2.54 cm 12.7 cm 2.64 cm

' J End Plate

+ Transducer

Plexiglas (hard) or_
Closed-Cell Neoprene (soft)

Figure 4. Surrogate thorax.
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Chest Wall Mass: 2.5 g/CM 2

Parenchyma density: 0.1 g/crn3

Rib spring constant: 0.0

Lung damping coefficient: 10.0

Lung width: 15.0 cm

Computational cell size: 0.25 cii

Figures 5 and 6 give a comparison between the THOR calculation and the laboratory tests using
the thorax surrogate under two different blast loads. In both cases, the measured peak
acceleration is only about one third that of the calculation. However since the the peak velocities
obtained by integrating the accelerations agree to within ten percent, it is likely that the experi-
mental error in the peak acceleration is probably large. This hypothesis is reinforced by comparing
the measured velocity calculated from:

M V-M. Ja dt- pr - pl] dt (25)

to the velocity computed by THOR. In Eq. 25, Mr is the chest wall mass per unit surface area, ar
is the chest wail acceleration, Pr is the load, and ptis the pressure in the lung. These velocities are
in good agreement. The computed and measured pressure just behind the surrogate chest wall are
also in fair agreement for both blast loading cases.

Yu, et al. also made laboratory tests to measure the dissipation properties of the surrogate
material The test setup uses a 1.5 meter long, 5 cm diameter, cylindrical acrylic pipe. The ends of
the tube were clamped with a flexible neoprene membrane. One end of the tube was exposed to
the exit of a shock tube. THOR calculations using these conditions revealed that the dissipation
experiment differed from the previous test not only by the length of the tube and the mass of the
chest wall, but the neoprene exhibited a definite springiness. The parameters finally arrived at for
the these calculations are:

Chest Wall Mass: 0.05 g/crn 2

Parenchyma density: 0.1 g/cm 3

Rib spring constant: 106

Lung damping coefficient: 10.0

Lung width: 60.0 cm

Computational cell size: 1.0 cm

The comparison between the measured and calculated pressures in the shaving cream are shown in
Figure 7. They are in excellent agreement.

14
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THOR calculations of the response of the surrogate thorax are in good agreement with
laboratory measurements. Hence the formulation of the mathematical models and numerical
methods used in THOR are valid to simulate wave pr3pagation through a multiple material
medium. In addition, Yu's experiments show that the shaving cream behaves like the lung in terms
of density and wave speed. The laboratory results using the lung surrogate also suggest that
parenchymal material is dissipative. Comparisons, presented in the next section, of THOR
calculations with field tests using sheep further reinforce that hypothesis.
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FIELD TESTS

Measurements of the thoracic response of sheep to blast loading taken by Dodd 1,2 in the
summers of 1985, 1986 and 1987 were reduced to eight cases corresponding to eight different free
field blast conditions characterized by charge weight, explosive, range and height of burst. For
each case, one representative sample was selected from all the accumulated data for free ield
pressure, load, rib acceleration, four parenchymal pressure locations and esophageal pressure.
This information was placed in VU 5 databases for easy access by the THOR computer program.
Most of the load data was obtained from side-on gauges mounted on a rigid, cylindrical test
fixture called Lambdroid. 4

Figure 3 shows the experimental setup in terms of the blast parameters of charge weight, W,
range, R, and height of burst, HOB. Each sheep was oriented so that the Mach stem of the blast
wave struck the right rib cage of the animal at a right angle. As the blast wave passed over the
animal, the right side bore the largest load since it is faced the blast, the top (spine) and bottom
(sternum) felt a load approximated by the free field pressure and the left side which is protected
sustained the smallest load.

Table 1 presents the eight different blast conditions and Table 2 gives the incident (free
field) and reflected (load) blast wave peak pressure, impulse and positive duration at a range
corresponding to the right rib cage, side facing the blast, of the sheep for each of the eight cases.

Instrumentation on the sheep were as nearly as possible placed in the location of the seventh
thoracic vertebrae along a horizontal line passing through the esophagus. Up to four pressure
gauges were placed in the lung parenchyma through the trachea, two each in the right and left
lobes, one in the center of each lobe and one near the pleural surface. A hydrophone type
pressure gauge was also placed in the esophagus. An accelerometer oriented orthogonally was
mounted at the center of the seventh rib. Body surface loading was measured by pressure gauges
placed on an anthropomorphic shape, LAMBDROID, 4 placed the same distance from the charge
as the sheep. In addition incident free field pressure was taken at the same range. Table 3 gives
the location of each of the pressure gauges within the lung and the chest wall mass per unit area
used in the calculations.

Figures 8 through 15 present both the measured time traces for each of the eight cases and
the calculations using the THOR program. The measured values are shown using dashed lines.
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Table 1. Blast Conditions and Injury Levels for Eight Cases

Case Weight (lb) HOB (ft) Range (ft) Explosive Injury Level

1 3.0 3.6 16.1 C-4 None

2 3.0 3.0 10.7 C-4 Moderate

3 1.0 0.8 5.6 C-4 Severe

4 0.5 1.0 5.8 C-4 Moderate

5 8.0 3.0 13.2 C-4 Severe

6 8.0 2.0 8.9 C-4

7 64.0 6,0 30.0 TNT Moderate

8 8.0 2.0 9.5 C-4

Table 2. Blast Wave Characteristics at Animal

Ps S is Pr Tr lr
Case (kPa) (ms) (kPa-ms) (kPa) (ms) (kPa-ms)

1 70 2.7 73 201 2.3 148

2 176 2.1 113 612 1.7 280

3 321 0.8 69 1370 0.8 279

4 160 0.8 47 628 0.9 166

5 227 2.5 167 760 2.0 373

6 643 2.5 287 2900 0.3 368

7 143 6.1 291 511 2.7 404

8 556 2.4 281 2660 0.43 370
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Table 3. Lung Width, Probe Locations and Estimated Chest Wall Mass

Width RP RC IEP LC LP Mr
Case (cm) (cm) (cM) (cm) (cm) (cm) (g/cm2)

1 14.7 0.3 3.0 4.8 11.0 14.3 1.5

2 15.0 1.0 4.0 7.5 11.0 14.0 1.0

3 15.6 0.6 3.0 6.1 11.0 14.4 0.7

4 15.0 1.0 4.0 7.5 11.0 14.0 1.0

5 15.0 0.1 3.7 5.9 12.7 14.4 1.0

6 1.0

7 15.6 0.1 2.0 4.0 10.1 15.0 1.0

8 1.0

Width: Distance from right to left pleural surfaces
RP. Location of Right Pleural pressure transducer
RC: Location of Right Center pressure transducer

IEP: Location of Esophageal pressure transducer
LC: Location of Left Center pressure transducer
LP: Location of Left Pleural pressure transducer
Mr: Chest wall Mass per unit surface area

25
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DATA INTERPRETATION

The free field blast wave first strikes the animal's right side producing a loading given by the
LAMBDROID face-on blast side pressure gauge. The peak loading pressure can be two to five
times the peak free field pressure for the range of cases evaluated. This loading accelerates the
chest wall, transmitting a diminished pressure into the lung paremncyma as measured by the right
pareachymal pressure gauge. Due to the inertia of the chest wall, the amplitude of we transmitted
wave is significantly less than that of the load applied to the skin. The pressure wave then
propagates from the pleural surface to the interior of the lung where it is met by a similar but
lower intensity wave traveling from the left side of the animal. The left side wave is delayed from
the right side wave by the time taken for the blast wave to travel around the animal front the right
to left side, which is about a millisecond. The addition of the right and left side waves produces an
esophageal pressure which may be higher than the parenchymal pressures.

Since the entire animal is subjected to the blast, one would expect pressure waves to be
transmitted into the lung from all directions. However, inspection of the trans-parenchymal
pressure data, suggests that the major contributions to the internal pressure come from the right
and left sides with little contribution from the spine or the sternum. Since the spine is much more
massive and rigid than the rib cage, the pressure wave formed just below the spine should be less
intense than the waves produced by the ribs. In the case of the stenum, the distance from the
abdomen to the diaphragm is about 18 cm. Hence the lung is well protected from the bottom by
water filled organs and distance.

Measured intrathoracic pressures show an animal-to-animal variation. Figure 16 shows an
ensemble of measured esophageal pressures for Case 8. Peak esophageal pressures for this case
vary between 150 and 450 kPa. The lower pressure curves have longer rise times than the high
pressure ones. Yu et al.3 have made laboratory tests using the thorax surrogate and an esophageal
surrogate which explain this variation. The esophageal surrogate, which is a tubular air filled
balloon, is placed within the surrogate parenchymal material. The pressure signal inside the
balloon has a lower peak and exhibits a longer rise time than the signal taken at the same position
within the surrogate parenchymal material. Hence, the difference between the various esophageal
measurements in the field tests shown in Figure 16 is explained by differences in the amount of air
trapped around the pressure gauges in the esophagus.

There are also large animal-to-animal variations in the right outside, i.e., blast side,
parenchymal pressures. Figure 17 shows pressure traces for three different animals sustaining
Case 3 loads. Pressure gauges were inserted through the trachea and pushed in the bronchi. Some
of the measured pressure difference may be due to air trapped around the gauges. However it is
likely that the gauges are not all placed in the same location. For example if a gauge were placed
lower in the lobe in the direction of the sternum, so that it was between the chest wall and the liver,
Figure 1, then the measured pressure would be much larger.
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CALCULATIONS

The key parameters needed to calculate the intrathoracic pressure are the animal geometry,
pressure loading, mass of rib-muscle-skin layer, lung composite density, lung dissipation coefficient
and ambient pressure at the test site. Numerical experiments compared to measured data indicate
there is little or no contribution to the chest wall motion due to chest wall stiffness. Accordingly,
the calculations presented here have the spring constant, k, set to zero for the chest wall.

Animal geometry and placement of pressure catheters was determined from x-rays taken
during the field tests. The geometr, data is given in Table 3. All the cross-sectional areas, A, are
taken to be uniform with area I crm. Sixty finite difference cells were used to resolve the lung.

Measured data were used for the pressure loading, Pr(t) and pi(t). Ambient air pressure, p0,
at Albuquerque, New Mexico was taken to be 82 kPa. The composite density of the lung. p, at
normal inspiration was assumed to be 0.1 g/cm3.

The parameter which was found to be of most importance to the development of the peak
intrathoracic pressure was the chest wall mass per unit surface area, Mr. The blast loading on the
skin causes the rib cage to accelerate inward, and the ribs, in turn, press against the lung setting up
a pressure wave in the parenchyma. During the initial pulse of the loading. the acceleration is
almost directly proportional to the loading force with constant of proportionality, Mr. In these
calculations, the value of Mr was varied from 0.7 to 1.5 g/cm2 . The value used in each calculation
is shown in Table 3. The true physical value of this parameter is unknown. However, since the
distance from the sheep's skin to the pleural surface is usually between 1 and 2 cm, we would
expect the mass per unit surface area of the rib/muscle layer to vary between 1 and 2 g/cra2 . No
direct measurements of this quantity are available at this time, however it is reasonable to expect
that there would be a sheep-to-sheep variation due to size and age.

Figures 8 through 15 show the comparison of calculations (solid lines) with measured data
(dashed lines). Measured chest wall velocities calculated from Equation 25 using the measured
pressure difference across the chest wall are shown as dotted dashed lines. Pressure loading and
acceleration at the skin, four parenchymal pressures and the esophageal pressure are presented for
each case when available. The physical blast conditions which define each of the eight cases are
given in Table 1. Table 3 gives the parameters used in each of the calculations. A discussion of
each case follows:

Case I FigUre 8. 3 IbC-4 at 3.6 ft H2B. 16.1 ft range

Intrathoracic pressures and loads for this case were taken from 1985 data. No
acceleration data is available for this case. The rib velocity calculated from the
measured pressure difference across the chest wall agrees well with the calculated value
until just after the first peak after which it is much higher. This corresponds to the
difference in the measured and calculated right pleural pressure. Since the duration of
the calculated pressure wave is longer, it will offer more resistance to the chest wall and
slow it down faster. The agreement in the calculated and measured intrathoracic



pressures is good. The wave durations of the calculated pressure signals are a little

longer than the measured ones.

Case 2 Figule 9, 3 lb C-4 at 3 ft HOB. 10Q7 ft range

The peak measured acceleration and velocity are much lower than the calculated values.
However the velocity computed from the measured pressure agrees well with the
calculated velocity. This inconsistency occurs in most of the cases and suggests that the
acceleration data is unreliable. The calculated right pleural pressure is much lower than
the measured, however the other intrathoracic measurements agree well with the
calculations. This may be due to the placement of the pressure catheter. Since this is
the only right pleural data available for this case, please refer to the discussion of Case 3.
as shown in Figure 17 which is an ensemble of all the available measured right pleural
pressures for this case, there is a large shot to shot variation, which may be due to the
placement of the catheter.

Case 3 Figure 10. 1 lb C-4 at 0.8 ft HOB. 5.6 ft range

Again, as in the previous case, the measured accelerations are low and inconsistent with
the measured pressures. The intrathoracic pressures appear to be in fair agreement for
this case. However the lowest of the three measured right pleural pressures, which are
shown in Figure 17, was chosen for the comparison. In addition the calculation used a
rib mass of 0.7 g/cm2 for this case in order to increase the calculated peak right pleural
pressure. As shown in Table 3, larger value was used in the other cases. A plausible
hypothesis is that the large difference in the measured parenchymal pressures is due to
difference in placement Jf the pressure gauges. If the gauges were placed in the tips of
the lung lobes instead of at twl level of the esophagus the pressures would be much
larger. The measured peak esophageal pressure occurs later than the calculated one.
Again, the calculation is probably using an incorrect placement.

Case 4 Figure 11. 0.5 lb C-4 at 1 ft HOB. 5.8 ft range

In this case the esophageal and left pleural pressures show good agreement. As before
though, the measured right pleural pressures are n~uch larger than the calculated ones.
Correspondingly, the peak calculated velocity is higher than velocity found from the
measured pressures.

Case 5 Figgre 12. 8 lb C-4 at 3 ft HOB. 13.2 ft range

Only esophageal and left pleural measured data is availablc. They are in fair agreement
with calculations. Better agreement in the peak esophageal pressure could be obtained
by lowering the dissipation coefficient.

Case 6 Figure 13. 8 lb CA at 2 ft HOB. 8.9 ft range

With the exception of the right center parenchymal pressure, the measured and
calculated values show good agreement for this case. However as shown in the last
graph of Figure 12, the lowest right parenchymal measurement was used to make the
comparison. Please refer to the discussion for Case 3.
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Case7 Fig•re 14. 64 ib Tat 6 ft HOB. 30 ftrange

Only measured esophageal data is available for this case. It is in fair agreement with the
calculation.

Case 8 Figu.e 15. 8 lb TNT at 2 ft HOB. 9.5 ft range

The measured esophageal pressure is in pood agreement with the calculated values.
However, as in some of the previous cases, the measured right pleural and right center
pressures are much higher than the calculated ones. The last graph of Figure 15 shows
the available measured right pleural pressures.

Measured chest wall accelerations are usually lower than those calculated. However the
measured accelerations are inconsistent with the measured pressure when both are integrated
using Equation 25 to find the chest wall velocity.

The one-dimensional model exhibits the correct wave propagation from the right pleural
surface through to the left pleural surface. However in many cases the calculated right side
parenchymal pressures are too low. This may be due to a lack of knowledge about the exact
placement of the pressure gauges within the lung.

Measured esophageal data shows a longer rise time than the calculated results. This is
because the esophagus is presently modeled as lung parenchyma when in fact it is a tube with air
trapped inside.
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SUMMARY

The one-dimensional model has provided insight into the mechanical response of the lung to
blast loading. The key physical parameters are the nib/muscle mass per unit area, the composite
density of the lung at normal respiration and the coefficient of dissipation within the lung.
Generally, the model predictions are in good agreement with measurement and should eventually
allow reduced animal testing and better prediction of injury circumstances.
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